The mammalian neocortex shows a conserved six-layered structure that differs between species in the total number of cortical neurons produced owing to differences in the relative abundance of distinct progenitor populations. Recent studies have identified a new class of proliferative neurogenic cells in the outer subventricular zone (OSVZ) in gyrencephalic species such as primates and ferrets. Lissencephalic brains of mice possess fewer OSVZ-like progenitor cells and these do not constitute a distinct layer. Most in vitro and in vivo studies have shown that oxygen regulates the maintenance, proliferation and differentiation of neural progenitor cells. Here we dissect the effects of fetal brain oxygen tension on neural progenitor cell activity using a novel mouse model that allows oxygen tension to be controlled within the hypoxic microenvironment in the neurogenic niche of the fetal brain in vivo. Indeed, maternal oxygen treatment of 10%, 21% and 75% atmospheric oxygen tension for 48 h translates into robust changes in fetal brain oxygenation. Increased oxygen tension in fetal mouse forebrain in vivo leads to a marked expansion of a distinct proliferative cell population, basal to the SVZ. These cells constitute a novel neurogenic cell layer, similar to the OSVZ, and contribute to corticogenesis by heading for deeper cortical layers as a part of the cortical plate.
INTRODUCTION
The development of the embryonic forebrain is an extremely wellorchestrated process controlled by intrinsic and extrinsic signals delivered to the cells in a strict temporal sequence (Carpentier et al., 2013; Dehay and Kennedy, 2007; Nieto et al., 2004; Roy et al., 2004) . Disruptions of these events alter cortical growth and design because they regulate the development of progenitor cell types. During midgestation, the fetal cortex consists of three distinct progenitor zones that generate different subtypes of cortical neurons in a temporal order (Florio and Huttner, 2014; Molnár et al., 2006) . With the onset of neurogenesis, neuroepithelial cells transform into radial glia cells (RGCs), which are located in the ventricular zone (VZ) and form the first neurogenic layer (Haubensak et al., 2004; Kriegstein and Alvarez-Buylla, 2009 ). RGCs divide asymmetrically to self-renew and produce either cortical neurons directly or intermediate progenitors (IPs) , which migrate into the subventricular zone (SVZ) (Malatesta et al., 2000; Miyata et al., 2001; Noctor et al., 2001 ) and generate two neurons by symmetrical division (Haubensak et al., 2004; Miyata et al., 2004; Noctor et al., 2004) . The third, relatively recently discovered type of cortical progenitor is located in the outer SVZ (OSVZ) and also originates from RGCs in the VZ (Fietz et al., 2010; Hansen et al., 2010; Wang et al., 2011) . This cell type undergoes self-renewing divisions to generate new OSVZ progenitor cells and is able to produce IPs. Interestingly, it is known that the development of this recently identified proliferative zone is responsible for the differences in brain size among mammalian species (Kriegstein et al., 2006; Nonaka-Kinoshita et al., 2013; Stahl et al., 2013) . The abundance of this progenitor population is expanded in gyrencephalic species (such as primates and ferrets) and correlates with higher complexity of cortical architecture (Fietz et al., 2010; Reillo et al., 2011; Smart et al., 2002) . By contrast, lissencephalic brains of mice possess fewer OSVZ-like progenitor cells basal to the SVZ and these do not constitute a distinct cell layer, accompanied by a smaller cortical surface area (Shitamukai et al., 2011; Wang et al., 2011) .
Various research groups reported that neural progenitor cells reside in a hypoxic niche in both embryonic and adult brain (Lee et al., 2001; Zhu et al., 2005) . Accordingly, oxygen tension regulates the balance between neural stem cell maintenance and neural progenitor cell differentiation (Chen et al., 1999; Mohyeldin et al., 2010; Simon and Keith, 2008) . These data prompted us to study whether a change of oxygen tension within the fetal brain tissue would lead to alterations in the generation of the various progenitor subtypes. The cellular response to variations in tissue oxygen tension, especially in the low-oxygen niches, is mediated by several oxygen-related molecular pathways (Bruick, 2003; Kaidi et al., 2007; Semenza, 1999) . The main oxygen-sensitive transcriptional activator is hypoxia-inducible factor 1 (Hif1) (Iyer et al., 1998; Tomita et al., 2003; Zhao et al., 2008) , which consists of two subunits, Hif1α and Hif1β (also known as Arnt). Under normoxia, the Hif1α subunit is continuously degraded by the ubiquitin-proteasome pathway, whereas under hypoxia the degradation pathway is circumvented. As a consequence, Hif1α accumulates in the cytoplasm and translocates to the nucleus where it heterodimerizes with Hif1β, leading to the transcription of Hif1 target genes (Semenza, 2006; Sharp and Bernaudin, 2004) .
We show here that by modulating maternal oxygenation fetal brain oxygen levels are robustly affected, subsequently leading to a modification in cortical neurogenesis: increased fetal tissue oxygen tension during mid-neurogenesis results in an accumulation of proliferative cells in regions more basal to the SVZ at the expense of proliferative cells within the SVZ. Further analysis revealed that these cells contribute to corticogenesis, since an accumulation of newborn neurons in the deeper cortical layers was observed. Our findings indicate that oxygen signaling is an essential mechanism for establishing the progenitor cell identities that generate different cortical neuron subtypes.
RESULTS
Changing maternal oxygen levels affects embryonic tissue oxygen tension and impacts vessel density and brain size Oxygen tension in the adult mouse brain ranges from as low as 1% to 8% and is considerably lower than the inhaled ambient oxygen tension of 21%. These oxygen variations are referred to as 'physiological normoxia' (Ivanovic, 2009) . Interestingly, mammalian embryos develop in a more hypoxic microenvironment, which is crucial for regulating the development of the brain and its vasculature (Chen et al., 1999; Lee et al., 2001; Simon and Keith, 2008) .
To understand the role of oxygen in cerebral cortical development during mid-neurogenesis, we first investigated the possibility of transmission of maternal hypoxia and hyperoxia to the developing brain in an in vivo mouse model. Embryonic day (E) 14 timedpregnant mice were kept under 10%, 21% and 75% oxygen for 48 h in an airtight plexiglass chamber (Fig. 1A) . Normoxic mice were incubated in room air. Studying oxygen tension in utero is highly Fig. 1 Tables S1, S2 and S3, respectively. Scale bars: 500 µm.
challenging and a wide range of techniques have been established for measuring oxygen tensions (Davies and Brink, 1942; Seylaz and Pinard, 1978) . In our study, we used immunohistochemically detectable pimonidazole hydrochloride, a non-invasive hypoxia marker highly suited for use in smaller animals (Raleigh et al., 1987) . Using this tool we were able to analyze the tissue distribution of hypoxic regions on a subregional level and obtained information about correlations between tissue oxygen tension and subsequent cellular responses (Figs 1 and 2) . Oxygen levels are known to act as regulators of stem cell maintenance, proliferation and differentiation through the activation of several oxygen-sensitive molecular pathways, among which Hif1α appears to be dominant, although its role in cortical progenitors has not been thoroughly investigated. To evaluate whether Hif1α is necessary to translate oxygen changes into cellular responses, we conditionally knocked out (CKO) Hif1a exons 13 to 15 in neuroprogenitors using nestin promoter-driven expression of Cre recombinase (Tomita et al., 2003) (Fig. 1B) .
Confocal analysis of normal, normoxic coronal forebrain sections obtained from E16 embryos revealed weakly detectable pimonidazole adducts throughout the forebrain (Fig. 1C,D) . As expected, the percentage of hypoxic tissue within the normal fetal brain was increased by maternal hypoxia (Fig. 1C,D) . Accordingly, a decline of hypoxic tissue was observed in hyperoxic normal fetal brains (Fig. 1C,D) . A detailed analysis of the hypoxic level in fetal Hif1a CKO mouse brains revealed abundant hypoxic tissue in all forebrain areas but particularly where the vessels starts to sprout and invade into the cortical plate (Ma et al., 2013) . Hif1α regulates angiogenesis during embryonic brain development (Hashimoto and Shibasaki, 2015) and, indeed, angiogenesis was disrupted in the knockout mice and thus a normal oxygen supply could not be ensured (Fig. 1E) . However, maternal hypoxia slightly promoted vessel growth to compensate the oxygen undersupply in the Hif1a CKO brain, indicating that other oxygen-dependent pathways compensated for the loss of Hif1α (Fig. 1C,E) . Mammalian embryogenesis occurs in a very low oxygen environment until E11 (Lee et al., 2001) . Thereafter, blood vessels are generated throughout the fetal brain to increase the oxygen supply. Inactivation of Hif1α in all neuroprogenitor cells during brain development led to an apparent loss of vessels throughout the forebrain at E14 and thus to consistent decreased tissue oxygenation (supplementary material Fig. S1A,B) .
Compared with normoxic brains, histological sections revealed a significantly reduced fetal brain volume of hypoxia-treated embryos, whereas hyperoxia provoked a significant increase in brain volume (Fig. 1F,G) . Hif1a CKO in progenitors does not apparently affect the development of the normoxic fetal forebrain, as coronal sections of these brains exhibited similar growth and cytoarchitecture in both genotypes at various developmental stages ( Fig. 1F,G; supplementary material Fig. S1C ), indicating no prominent role of the Hif1α pathway in embryonic brain development.
Together, maternal oxygen treatment translates into robust changes in the tissue oxygenation of fetal brain in mice, as a representative small animal model, and this results in alterations of whole brain volume. Moreover, Hif1α acts as a stimulator for angiogenesis but does not appear to be involved in cellular processes of cortical neurogenesis.
Oxygen regulates the number of Sox2 + and Tbr2 + cells in regions basal to the SVZ We next hypothesized that altered tissue oxygen tension within the neurogenic zones of the fetal brain might control the precise pattern of cell division, differentiation and survival of neuroprogenitors. First, we ascertained whether altered oxygen tension within the neurogenic niches affects the number of progenitors in the forebrain. The developing cortex consists of different proliferative populations. The first population comprises dividing Sox2 + RGCs at the ventricular surface of the VZ (Haubensak et al., 2004; Hutton and Pevny, 2011; Kriegstein and Alvarez-Buylla, 2009; Malatesta et al., 2000) . The second class of neural progenitor cells, which originate from RGC mitoses, are referred to as Tbr2 + IPs (Tbr2 is also known as Eomes) and form the SVZ (Bulfone et al., 1999; Englund et al., 2005; Gal et al., 2006; Kriegstein et al., 2006; Miyata et al., 2004) . A third proliferative zone, referred to as the OSVZ, has been identified in the developing human embryonic neocortex; it is generated by RGCs and is located directly above the Tbr2 + SVZ (Fietz et al., 2010; Hansen et al., 2010) . Recently, it was shown that a small number of these OSVZ progenitor cells is also present in the rodent intermediate zone (IZ), but they do not form a distinct neurogenic layer in contrast to the OSVZ in primates (Shitamukai et al., 2011; Wang et al., 2011) . The three progenitor populations produce different cortical subtypes in a controlled temporal order (Lukaszewicz et al., 2005; Parnavelas, 2000; Vasistha et al., 2014) . Inspection of coronal sections of fetal mouse forebrains revealed no difference in the radial thickness of VZ or SVZ by hypoxic/ hyperoxic treatment or Hif1a CKO ( Fig. 2A) . Surprisingly, we detected an apparent accumulation of Sox2 + cells (arrows in Fig. 2A ) in hyperoxic forebrains that partially co-express Tbr2 (arrowheads in Fig. 2A ) in the superficial SVZ and form a separate layer. Using hypoxyprobe-based estimation of tissue oxygen tension, we observed that the oxygen level of the IZ, in particular, varied in the normal brains in response to hypoxic/hyperoxic treatment and seems to correlate with the cellular response of these cells (insets in Fig. 2A ). The VZ remains hypoxic and does not appear to be susceptible to manipulation by maternal oxygen treatments.
We next quantified the number of Sox2 + and Tbr2 + cells in their 'regular' regions and Sox2 + cells outside of the supposed VZ ( Fig. 2B-D) . Based on this quantification, Insolera and co-workers showed that the accumulation of Tbr2 + and Pax6 + (another radial glia marker) cells within the IZ induced by various interventions is caused by changes in migration and accompanied by a selective loss of these cell types within the VZ and SVZ (Insolera et al., 2014) . By contrast, we observed that the number of Sox2 + cells within the VZ of the hyperoxic forebrain was indistinguishable from that of normoxic and hypoxic forebrains. Also, inactivation of Hif1α in neuroprogenitors did not affect the apical progenitor population within the VZ (Fig. 2B) . Interestingly, the Tbr2 + IP population in the SVZ was significantly expanded in normal and mutant hyperoxic cortex (Fig. 2C) . Moreover, there were more Sox2 + cells located in the regions basal to the VZ in hyperoxic compared with normoxic cortex (Fig. 2D ). The number of Sox2
+ cells in regions basal to the SVZ was also significantly elevated ( Fig. 2E) . Indeed, these Sox2 + /Tbr2 + cells were obviously reduced in hypoxic Hif1a CKO cortex compared with normal cortex (Fig. 2E) .
Programmed cell death is frequent in neural progenitors during brain development and is involved in regulating cerebral cortical size (Blaschke et al., 1996; Haydar et al., 1999) . Cell death analysis using TUNEL staining revealed that the distribution of apoptotic cells was uniformly spread throughout the three proliferative zones in the normoxic cortex. Interestingly, hyperoxia-treated animals showed a significant reduction in TUNEL + cell numbers as compared with normoxic animals (supplementary material Fig. S2A ,B, Table S11 ). Thus, short-term maternal hyperoxia is beneficial for the progenitors within the various neurogenic niches, without any increase in the apoptosis rate. Tissue with a reduced oxygen supply due to hypoxic treatment exhibited significantly elevated, and more disorganized, apoptosis within the VZ, SVZ and IZ than normoxic samples (supplementary material Fig. S2A,B) , accompanied by a decrease in fetal brain volume.
These results demonstrate that maternal hyperoxia causes an expansion of Sox2 and Tbr2 single-and double-positive progenitors basal to the SVZ without depleting the normal population of VZ and SVZ progenitors. Moreover, the emergence of this cell layer is specifically regulated by oxygen tension.
Increased number of proliferative OSVZ-like cells in hyperoxic fetal cortex
Characterization of the various neural progenitor cell types is possible on the basis of morphology. A hallmark of OSVZ progenitors is their radial glia-like morphology but without an apical process, and they are therefore easily distinguishable from RGCs (with apical and basal processes) and IPs (without apical and basal processes) (Fietz et al., 2010; Hansen et al., 2010) . We examined the presence of basal processes of mitotic progenitor cells in the IZ using phosphovimentin ( p-Vim) staining as a specific marker (Kamei et al., 1998) . We observed more p-Vim + cells with only basal processes in the IZ of the hyperoxic cortex than in normoxic brains, indicating that these cells are OSVZ-like cells and not delocalized RGCs or IPs (Fig. 3A,B) . The OSVZ-like cell population in the rodent brain shows sustained expression of the radial glia marker Sox2, but not Tbr2, and is therefore distinguishable from Tbr2 + /Sox2 − IPs (Wang et al., 2011) . They divide asymmetrically to self-renew and produce IPs by gradually downregulating the radial glia marker Sox2 and upregulating Tbr2. For better classification of the monopolar cells, we stained the forebrain sections additionally for Sox2 and Tbr2 (Fig. 3C) . Surprisingly, p-Vim + cells with basal process were also Sox2 + /Tbr2 + , which means that these cells resembled RGCs and IPs, comparable to the primate OSVZ progenitor population (Betizeau et al., 2013) .
The neuroprogenitor expansion within the IZ does not occur at the expense of progenitors in the VZ or SVZ of the hyperoxic cortex. To examine whether this accumulation of Sox2 + progenitor cells is based on increased self-renewing divisions of existing cells within the IZ or is due to an increase in apical and basal mitoses, we stained E16 coronal sections for phospho-histone H3 ( pH3) to label mitotic cells in VZ, SVZ and IZ (Fig. 4A) . The abundance of mitotic apical progenitor cells along the VZ was not altered in the differently oxygenated brains, suggesting normal development of the VZ and SVZ, which are generated by asymmetric divisions of the RGCs (Fig. 4B) . Hypoxia-treated animals of both genotypes showed a decrease in pH3
+ basal progenitor cells in the SVZ (Fig. 4C) , suggesting that neuroprogenitors of the CKO brains react similarly to maternal hypoxia despite inactivation of Hif1α. However, within the IZ -where an accumulation of Sox2 + cells had been noticed previously -more mitotic cells were observed in hyperoxic brains (Fig. 4A,D) , along with a reduced number of proliferative cells within the SVZ (Fig. 4C ). This indicates that progenitor accumulation within this zone is mediated by an intrinsic increase of proliferation. However, the total number of dividing cells within the SVZ/IZ of the hyperoxic CKO system was similar to that in the normoxic control brain (supplementary material Fig. S3 ). These effects demonstrate that 48 h of hyperoxia were unable to change tissue oxygen tension, owing to a lack of blood vessels throughout the fetal brain caused by Hif1a CKO. Since the inactivation of Hif1α does not result in differences in neuroprogenitor properties under normoxic conditions, we infer that Hif1α is fundamental for vascularization but is not directly responsible for variations in neuronal proliferation. Oxygen is the main regulator here, and the differences between mutant and control brains after oxygen treatment seem to be primarily induced by variations in oxygen tension.
To evaluate whether the observed neurogenic response to altered oxygen availability is specific to later stages of corticogenesis or also affects progenitor activity at earlier developmental stages, we investigated the formation of the SVZ after 48 h incubation at 75% atmospheric oxygen tension in E12 forebrains (supplementary material Fig. S4A ). We could not detect any increase in cell proliferation (Tbr2 + /pH3 + cells) within the SVZ, nor any alteration in the number of intermediate Tbr2 Tables S12 and S13) . We observed a similar pattern of hypoxic tissue as in E16 brains, as measured with the hypoxyprobe-based method (supplementary material Fig. S4B ), but we did not detect any changes in tissue oxygen tension in the fetal brain after maternal hyperoxic treatment with 75% atmospheric oxygen for 48 h. This result supported the idea that, owing to the low vascularization, tissue oxygenation of the fetal brain is not sufficiently susceptible to manipulation at this early developmental stage. Therefore, the question of whether oxygen has temporally specific effects on the development of the various neurogenic layers remains open. Together, neuroprogenitor expansion within the hyperoxic IZ is generated by increased self-renewing divisions of the existing progenitors. Moreover, a higher proportion of these proliferative cells exhibit morphological properties similar to those of OSVZ progenitors.
Fetal brain oxygenation is essential for the generation of cortical subtypes
During embryonic brain development, neural stem and progenitor cells generate cortical neurons in a distinct temporal order (Molyneaux et al., 2007) . The differences in progenitor abundance, proliferative capacities and neurogenesis among mammalian species are presumably the reason for variations in brain size and surface area (Borrell and Reillo, 2012; Chenn and Walsh, 2002; Fish et al., 2008) . After determining the elevated proliferation of OSVZ-like progenitors upon higher oxygen supply, we further investigated whether these newly generated cells of hyperoxic brains contribute to corticogenesis. We examined cortical plate (CP) morphology at E16 using the neuronal marker NeuN (Rbfox3) (Fig. 5A) . Hypoxiatreated brains revealed an extremely thin cortex with morphologically altered cortical structure compared with normal or hyperoxic cortices (Fig. 5A,A′,B) . Moreover, the well-defined subplate (SP) in normoxic and hyperoxic brains was considerably thinner and poorly defined in hypoxic brains. The SP and CP boundary layer in hypoxic cortices was less distinct (Fig. 5A′) .
During early cortical layer development (E11), the earliest born neurons are primarily destined for the preplate (PP) located above the existing proliferative zones (VZ and SVZ) (Marin-Padilla, 1978) . Later-born neurons split this layer into SP and marginal zone (MZ) and form the CP in between these layers (Molnár et al., 2006; Price et al., 1997) . Quantification showed that SP thickness was reduced in hypoxic animals at E16 (Fig. 5C) . Interestingly, maternal hyperoxia led to an increase in SP thickness, although the generation of neuronal SP cells should have been complete at the time of the oxygen challenge (Price et al., 1997; Sheppard and Pearlman, 1997) . We thus evaluated whether more SP cells were generated during maternal hyperoxia or whether we only see an expansion of the existing SP cells. The layer-specific marker Tbr1 is mainly expressed in the SP and layer VI (Hevner et al., 2001 ). The number of Tbr1 + cells in the SP of hyperoxic cortex was comparable to that in the normoxic brain. Only in the hypoxic SP were significantly fewer Tbr1 + cells observed (Fig. 5D ). The CP consists of six conserved layers in mammals, which differ in size between species (Molnár et al., 2006) . Elevated neurogenesis for enlargement of the CP is dependent on the absolute number of progenitors involved. The SVZ/OSVZ is the main regulator for neocortical expansion since this is the only region that expands over the course of neurogenesis in gyrencephalic species, and particularly extensively in primates (Nonaka-Kinoshita et al., 2013; Smart et al., 2002; Stahl et al., 2013) . During cortical development, early-born neurons are generated by progenitors in the VZ at E11.5-13.5 and form deeper layers, including SP, layer VI and V (Haubensak et al., 2004; Price et al., 1997) . In the late part of neurogenesis (E14.5-18.5), neurons of the upper layers IV to II are born (Molyneaux et al., 2007) . The bulk of cortical neurons are generated from SVZ progenitors, which migrate into defined layers of the CP according to an 'inside-out' pattern (Kowalczyk et al., 2009; Vasistha et al., 2014) . To further analyze cortical lamination in response to oxygen tension we performed immunohistochemical staining to characterize the developing neocortical layers. Tbr1 (SP and layer VI) (Hevner et al., 2001 ) and Ctip2 (Bcl11b) (layer VI and V) (Arlotta et al., 2005) were used to estimate deep cortical layering. All brain samples exhibited a layered expression of these markers, suggesting an overall normally layered neocortical organization and generally normal migration (Fig. 4E) . Exclusively, the hypoxic fetal forebrains possessed a thinner CP and fewer cortical neurons. At the developmental stage investigated, all Tbr1 + cells of the CP 
/Tbr1
− upper layer neurons were generated during maternal hypoxia ( Fig. 5E,F; supplementary material Fig. S5A,B) , presumably owing to the aforementioned reduced SVZ/OSVZ There were significant differences between atmospheric oxygen tensions for the single Ctip2 + population (P=0.016, F-value=9.1) and Tbr1 proliferation and increased apoptosis (Fig. 4C and Fig. 5E,G) . According to these findings, the cortical layer cell type Tbr1
+ represents the bulk of cortical cells within the hypoxic cortex (supplementary material Fig. S5A,B,D) . The absolute number and percentage of Tbr1 + /Ctip2 + cells of layer VI were unchanged in hyperoxic as compared with normoxic samples ( Fig. 5F ; supplementary material Fig. S5C ), whereas single Citp2 + neurons were significantly increased by hyperoxia ( Fig. 5F ; supplementary material Fig. S5A,B,D) .
In summary, maternal hyperoxia led to an expansion of Tbr1
+ neurons in the fetal brain. Lower tissue oxygen concentration did not affect the inside-out pattern of neurogenesis, but restricted generation of the upper layers and the survival of cortical neurons.
Oxygen controls the ratio between lower and upper layers
Cortical subtype specification is believed to be controlled on the one hand by several transcriptional factors as well as extrinsic signals and, on the other hand, by a subset of fate-restricted progenitors (Alcamo et al., 2008; Franco et al., 2012; Frantz and McConnell, 1996; Shen et al., 2006) . To further investigate the expansion of deep cortical layers in hyperoxia, we sought to evaluate cortical neurogenesis and fate determination using a birth-dating study. Pregnant dams were injected with BrdU at E14 before oxygen treatment (Fig. 1A) . At this developmental stage the deeper layer neurons are already born and show integration at their respective regions (SP and layer VI), while late-born neurons for upper layers are starting to be generated. After 48 h of oxygen exposure, fetal brains were collected and stained for BrdU and NeuN. The distribution of labeled cells in the CP of hypoxic and normoxic samples was equivalent and the generated neurons showed laminar positioning within the uppermost layers (Fig. 6A) . The abundance of labeled cells born at E14 and present at E16 was ascertained within the CP by scoring from pia to the SP/CP boundary in 200 µm counting fields (Fig. 6B) . Intriguingly, in the hyperoxic cortical tissue, the majority of BrdU + neurons were located in the lower layers (Fig. 6A,B) and not, as expected, within the upper cortical zone, where only a small fraction of BrdU + neurons was observed (Fig. 6C ). To ascertain whether the BrdU + cells are integrated or migrated further to their proper destination, we stained the normoxic and hyperoxic sections for Ctip2 (representative for deeper layers) and Cux1 (representative for upper layers) to determine the real number of integrated neurons within these zones (Fig. 6D) . The number of BrdU + /Ctip2 + cells within the SP of hyperoxic brains was similar to that in normoxic brains (Fig. 6E) , which is in agreement with the data reported in Fig. 5D . Indeed, we discovered significantly more integrated cells in the Ctip2 + zone of hyperoxic brains and fewer BrdU + /Cux1 + cells in the upper layer (Fig. 6F,G) . The total number of integrated cortical neurons, however, was the same in hyperoxic and normoxic brains, but we found an apparent decrease in the number of BrdU + cells within the CP of hyperoxic brains (Fig. 6B ). This indicates that in the normoxic condition more migrated cells reside in the CP, and an increase in fetal oxygen tension led either to retarded migration or less cortical output due to the simultaneous accumulation of neuroprogenitors within the IZ.
Together, in response to increased cortical oxygen tension, cell proliferation within the IZ increases, whereas SVZ progenitor proliferation decreases, resulting in diminished generation of upper cortical layer neurons, with more newborn neurons heading for deeper layers.
DISCUSSION
Normal development of the fetal brain can be affected by several factors, including genetic background, inflammatory insults, as well as changes in extrinsic and intrinsic signals (Carpentier et al., 2013; Haydar et al., 1996) . It emerges that oxygen signaling in neuroprogenitors appears to be a crucial mechanism for cell survival during brain development. Consistently, in vitro studies showed that a reduction of the atmospheric oxygen concentration from 21% to 3% promotes proliferation and stem cell maintenance of isolated neural progenitor cells (Storch et al., 2001; Studer et al., 2000) . Detailed analysis of the molecular mechanism underlying the oxygen sensitivity of neuroprogenitors showed that Hif1α acts as a positive regulator of the survival, growth and differentiation of NPCs in vitro and in vivo (Milosevic et al., 2007; Tomita et al., 2003; Zhao et al., 2008; Mazumdar et al., 2010) . To assess whether Hif1α plays an additional role in cortical neurogenesis, we used a CKO model to inactivate Hif1α within neural progenitor cells. In our set of investigations, Hif1α proved to be an essential factor only for angiogenesis, but did not directly regulate any feature of progenitor subtypes.
Changes in corticogenesis in vivo can be elicited by several mechanisms controlling fetal brain development, such as alterations in proliferation, cell survival, differentiation and migration (Marín and Rubenstein, 2003; Molyneaux et al., 2007) . To understand exactly how oxygen acts in this orchestrated process, we examined the role of molecular oxygen in cortical brain development. We observed that the reduction of atmospheric oxygen to 10% for the mothers led to a distinct increase in hypoxic tissue and apoptosis in the forebrain of their offspring, which resulted in a significantly reduced brain volume and cortical thickness. We could furthermore show that the proliferation of the basal progenitors and the subsequent generation of upper cortical neurons were both downregulated by the lower oxygen tension within the fetal brain. It is also widely known that physiological oxygen levels in the mouse brain range from as low as 1% to 8% and are thus considerably lower than the inhaled ambient oxygen tension of 21% (Zhu et al., 2005 ). There appears to be a threshold of beneficial hypoxia, below which progenitor proliferation and neurogenesis are not improved but hampered due to increased cell death in the several germinal layers. We assume that the adaptation of physiological oxygenation to hypoxia and reoxygenation induces oxidative stress in the cells and leads to increased generation of reactive oxygen species, which damage the cells. In contrast to the in vivo systems, oxygen concentration within cell culture medium can be adjusted exactly so that cells are cultivated under relatively stable oxygen conditions with normal oxidative stress.
During our initial investigations of brain morphology, we could highlight that maternal hyperoxia led to greater brain volume at constant vessel density. The enlargement of the human cerebral cortex is elicited by a new specialized precursor pool, the OSVZ progenitors (Nonaka-Kinoshita et al., 2013; Stahl et al., 2013) . Recent studies provided evidence that OSVZ progenitors reside not only in gyrencephalic brains of primate species or ferret, but also in low abundance in lissencephalic mammals such as rats and mice. However, owing to their poor proliferation, they do not constitute a distinct layer (Shitamukai et al., 2011; Wang et al., 2011) . It is known that interspecies diversity in brain size occurs due to differences in cell cycle duration and the length of the neurogenic period affecting the abundance of the various progenitor populations (VZ, SVZ and OSVZ progenitors) . Analysis of the neurogenic zones within hyperoxic mouse neocortex revealed an accumulation of proliferative progenitor cells in the superficial SVZ, forming a third separate neurogenic zone (Fig. 7) . Furthermore, we found an apparent expansion of Sox2 + cells, as well as Sox2 + /Tbr2 + neuroprogenitors, in the IZ after hyperoxic treatment in comparison to the normoxic samples. Since we showed that in the hyperoxic IZ more cells possessed the characteristic p-Vim + basal process of OSVZ progenitors (Wang et al., 2011) , it is very unlikely that these cells are simply displaced RGCs. Moreover, marker expression analysis of these cells revealed that they express Sox2 + /Tbr2 + , indicating that they have a radial glia origin (Betizeau et al., 2013) .
Our results demonstrate further that under hyperoxia the region basal to the SVZ contains large numbers of mitotic progenitors and becomes the predominant proliferative zone at the expense of SVZ progenitor proliferation during mid-gestation, now constituting a distinct layer (Fig. 7) . Interestingly, the total proliferation rate of all neurogenic regions was not altered between normoxic and hyperoxic forebrains but the number of neuroprogenitors in the SVZ and IZ was significantly increased after maternal hyperoxia, indicating that the accumulation of these cells is likely to be caused by self-amplification of existing OSVZ-like progenitors within the IZ. Based on these findings, we speculate that higher tissue oxygen tension during this time frame promotes the proliferation of the rare population of OSVZ-like progenitors in the IZ of the rodent brain.
To prove the temporally specific effects of increased oxygen tension on neurogenic layer development, we elucidated the impact of oxygen at early stages of mammalian neurogenesis in order to define its regulatory role in SVZ neurogenesis. We did not observe any differences in SVZ Tbr2 + /pH3 + progenitor proliferation and no alterations in the number of intermediate Tbr2 + progenitors upon hyperoxic treatment at E10-12. Although we confirmed that E12 brains show a similar pattern of hypoxic tissue as E16 brains, we did not detect any changes in tissue oxygen tension in the fetal brain after maternal hyperoxic treatment with 75% atmospheric oxygen for 48 h, which is most likely due to the near complete absence of brain vascularization at this developmental stage (Chen et al., 1999; Lee et al., 2001; Simon and Keith, 2008) . Higher or longer oxygen administrations were not tolerated by the adult animals. We are thus unable to resolve whether the effects of hyperoxia on OSVZ-like progenitors are specific to the developmental stage or whether the absence of any effects of oxygen on SVZ development is related to very stable brain oxygen tensions even after maximal tolerated maternal oxygen treatment.
Cell survival was enhanced in hyperoxia in comparison to normoxic brains, suggesting that the accumulated progenitors within the IZ could contribute to cortical neurogenesis. Evaluation of the various cortical identities revealed an increase in lower layer neurons. To establish whether this effect resulted from a higher rate of neurogenesis, we performed a BrdU birth-dating study. We found that hyperoxia during mid-gestation did not affect the total number of newly generated neurons, indicating no disturbance in proliferation. Furthermore, the integrated cortical neurons were located mainly in the deeper layers of the hyperoxic cortex (Fig. 7) , whereas they should normally reside in the upper layers of the cortex as in normoxic brains. Interestingly, we found a reduction of mitotic cells within the SVZ, which represents the main source of all cortical neurons (Kowalczyk et al., 2009; Vasistha et al., 2014) . However, the total number of integrated cortical neurons was not altered, indicating that the progenitor cells within the IZ contribute to corticogenesis and apparently generate cortical neurons during maternal hyperoxia, which were specified for deeper cortical layers. Indeed, OSVZ progenitors produce subgranular layer neurons in the primate brain (layers I-IV) (Lukaszewicz et al., 2005) , but no distinct evidence of their commitment in rodent corticogenesis has existed until now. We thus speculate that the expansion of mitotic OSVZ-like cells and simultaneous increase in deeper cortical layer cells indicate that these progenitors actively contribute to cortical neurogenesis and that the IPs generated from these cells are fated to form deeper layer neurons, thereby endowing the brain with higher complexity. However, we cannot rule out the possibility that the newborn neurons are also generated by apical progenitor cells or prematurely end their migration as a result of cortical hyperoxia.
In conclusion, our data highlight that oxygen signaling in neuroprogenitors is an essential mechanism during midneurogenesis, especially for cell proliferation and cell commitment in regions basal to the SVZ, and therefore pivotal for the neurogenesis of cortical neurons. Our observations indeed led to the hypothesis that oxygen tension may initiate the expansion of the OSVZ-like cells by inducing self-renewing divisions, which actively participate in cortical neurogenesis to augment brain complexity. These findings might lead in the future to the establishment of pre-emptive therapeutic strategies that exploit oxygen effects during gestation in the case of maternal illness, allergy or asthma, which, accompanied with transient fetal hypoxia, might prevent the development of neurological conditions such as autism spectrum disorder or schizophrenia in offspring. Moreover, better insights into the signaling cascades involved might lead to new approaches for the reactivation of non-neurogenic, Sox2 + OSVZ progenitor cells in the postnatal cortex.
MATERIALS AND METHODS

Animals and genotyping
Mice were maintained on a C57BL/6 background. All animal protocols were approved by the local animal welfare legislation. We removed Hif1α in mouse embryos using a conditional mutation created by a Nestin-Cre strain to specifically ablate Hif1α in all neural progenitors of the embryonic brain and crossed them with Hif1a flox/flox mice, in which exons 13-15 of Hif1a are flanked by loxP sites (Tomita et al., 2003) . Hif1a flox/flox littermates served as controls (normal condition) to reduce differences related to housing in the closed oxygen chamber and to the oxygen supply of fetuses as a result of maternal factors such as placenta capacity. In initial experiments, no differences in hypoxic brain area, brain size and cortical development were observed in mice of Hif1a flox/flox genotype as compared with wild-type mice. For further details, see the supplementary Materials and Methods.
Oxygen treatment
The experimental setup is schematized in Fig. 1A . E14 timed-pregnant Tomita mice were exposed to 10% or 75% oxygen in a closed oxygen chamber (InerTec) for 48 h. Normoxic mice were incubated in room air. To investigate the role of brain tissue oxygen tension at earlier stages of cortical neurogenesis (SVZ development), brains of normal and Hif1a CKO litters were examined after exposing pregnant mice to normoxic (21%) or hyperoxic (75%) conditions from E10 to E12, similar to the approach described above. For further details, see the supplementary Materials and Methods.
Birth-dating study and immunohistochemistry
For analysis of the influence of oxygen on the generation of cortical neurons and their migration to the CP, E14 pregnant mice received intraperitoneal injections of 50 mg/kg 5-bromo-2′-deoxyuridine (BrdU; SERVA Electrophoresis) in 0.9% NaCl once before oxygen treatment. The embryos were dissected after 48 h, and their fixed brains were frozen and coronally sectioned and immunostained according to standard protocols. For further details, including the TUNEL assay, see the supplementary Materials and Methods.
Image acquisition and quantitative measurements
Images for quantification were captured using an Axio Observer.Z1 spinning disc confocal microscope (Zeiss) and optimized for brightness and contrast using Fiji (NIH). The imaging parameters were kept constant during imaging. Details are provided in the supplementary Materials and Methods.
Statistical analysis
Statistical analyses were performed with IBM SPSS Statistic software (version 20.0). Data are represented as mean±s.e.m. Statistical significance was determined by two-way and one-way ANOVA with the Bonferroni's post-hoc t-test as appropriate. All experiments were independently replicated at least four times. P<0.05 (two-tailed test) was considered significant.
